ZAP-70 is a 70-kDa T-cell antigen receptor (TCR) z-chainassociated cytoplasmic protein tyrosine kinase (PTK) that initially was identified in T lymphocytes. 1,2 Following ligation of the TCR, tyrosine-containing immunoreceptor tyrosine-based activation motifs (ITAMs) within the cytoplasmic tails of the CD3 molecules and the TCR zeta chain (CD247) are phosphorylated by the Src kinase, Lck. 3 ZAP-70 is recruited to the phosphorylated ITAMs and becomes activated via tyrosine phosphorylation. The activated ZAP-70 in turn can induce activation of downstream signaling pathways, such as the phospholipase Cg/Ca 2ϩ (PLC-␥) signaling pathway and the Ras/mitogen-activated protein kinase (MAPK) pathway. 4 B cells generally lack ZAP-70, but instead use a related PTK, called p72 Syk , to mediate signaling via the B-cell receptor (BCR) complex. 5 Similar to p72 Syk is recruited to the phosphorylated ITAMs of the accessory molecules of the BCR complex, namely CD79a and CD79b, whereupon p72 Syk becomes activated. 6, 7 As such, ZAP-70 and p72 Syk play similar roles in antigen-receptor signaling pathways.
Introduction
ZAP-70 is a 70-kDa T-cell antigen receptor (TCR) z-chainassociated cytoplasmic protein tyrosine kinase (PTK) that initially was identified in T lymphocytes. 1, 2 Following ligation of the TCR, tyrosine-containing immunoreceptor tyrosine-based activation motifs (ITAMs) within the cytoplasmic tails of the CD3 molecules and the TCR zeta chain (CD247) are phosphorylated by the Src kinase, Lck. 3 ZAP-70 is recruited to the phosphorylated ITAMs and becomes activated via tyrosine phosphorylation. The activated ZAP-70 in turn can induce activation of downstream signaling pathways, such as the phospholipase Cg/Ca 2ϩ (PLC-␥) signaling pathway and the Ras/mitogen-activated protein kinase (MAPK) pathway. 4 B cells generally lack ZAP-70, but instead use a related PTK, called p72 Syk , to mediate signaling via the B-cell receptor (BCR) complex. 5 Similar to ZAP-70, p72 Syk is recruited to the phosphorylated ITAMs of the accessory molecules of the BCR complex, namely CD79a and CD79b, whereupon p72 Syk becomes activated. 6, 7 As such, ZAP-70 and p72 Syk play similar roles in antigen-receptor signaling pathways.
Previous studies demonstrated that chronic lymphocytic leukemia (CLL) B cells that express unmutated immunoglobulin heavychain variable region genes (IGHV) generally express ZAP-70, in contrast to normal B cells or most patients with CLL that use mutated IGHV, 8, 9 allowing ZAP-70 to be used as a surrogate marker for expression of unmutated IGHV. 10 Patients with CLL cells that use unmutated IGHV and/or express ZAP-70 have a relatively short median time from diagnosis to initial treatment than patients with leukemia cells that use mutated IGHV. Recent studies have found that leukemia-cell expression of ZAP-70 actually might be a stronger risk factor for aggressive disease than use of unmutated IGHV genes by CLL cells. 11, 12 Conceivably, ZAP-70 contributes to the relatively aggressive clinical behavior of CLL cells that express unmutated IGHV genes.
Indeed, the repertoire of Ig expressed in CLL is highly restricted, suggesting that leukemia cells are selected based upon their capacity to interact with some unknown antigen(s). 13, 14 More recent studies have found that expression of ZAP-70 in CLL is associated with enhanced Ig receptor signaling. 8, 15, 16 This is despite the fact that most CLL cells also express p72 Syk at levels similar to that of normal B cells, which do not require ZAP-70 for efficient BCR signaling. Moreover, the introduction of ZAP-70 into CLL cells that previously lacked this tyrosine kinase could enhance their capacity to undergo phosphorylation of P72 Syk , B-cell linker protein (BLNK), and PLC-␥, and to experience intracellular calcium flux in response to surface IgM ligation. 17 These studies demonstrated that ZAP-70 could enhance BCR signaling in CLL B cells. However, they did not establish whether this effect was dependent upon the kinase activity of ZAP-70. This would be important to resolve prior to the development of specific inhibitors of the ZAP-70 kinase for the treatment of patients with ZAP-70 ϩ CLL.
Prior studies demonstrated that the functional catalytic domains of ZAP-70 are required for reconstituting BCR signaling in p72 Syk -deficient B cells. 18 However, ZAP-70 ϩ CLL B cells generally express p72 Syk at levels similar to that of ZAP-70 Ϫ CLL cells or nonneoplastic B cells. 8, 19, 20 Although p72 Syk and ZAP-70 play similar roles in receptor signaling, p72 Syk has approximately 100-fold greater kinase activity in vitro than does ZAP-70. 21, 22 As such, it is conceivable that the capacity of ZAP-70 to enhance BCR signaling is not dependent upon its kinase activity. For example, phosphorylated ZAP-70 could compete with phosphorylated p72 Syk for binding to the E3 ubiquitin ligase, c-Cbl, which might then target these phosphorylated PTKs for proteosomal degradation. [23] [24] [25] [26] Alternatively, ZAP-70 could enhance recruitment of p72 Syk to the BCR complex by promoting phosphorylation of the ITAMs of the Ig accessory molecules, such as CD79b, or by recruitment of other substrates or adaptor molecules. Indeed, prior studies found that ZAP-70 could promote phosphorylation of TCR-z ITAMs in thymocytes independent of its kinase activity, serving instead as an adapter protein that could facilitate recruitment of lck to the TCR complex. 27, 28 We investigated whether the kinase activity of ZAP-70 or its ability to interact with c-Cbl was required for it to enhance Ig signaling in CLL cells. For this, we transfected ZAP-70 Ϫ CLL cells with adenovirus vectors encoding ZAP-70 or well-defined mutant forms of ZAP-70 (eg, ZAP-70-KA 369 or ZAP-70-YF 292 ). 18, 29, 30 This allowed us to examine changes in the Ig signaling of such cells before and after expression of defined types of ZAP-70.
Methods
This study was approved by the University of California, San Diego, Human Research Protections Program (La Jolla, CA).
Cells and sample preparation
Blood samples were collected from consenting patients who satisfied diagnostic and immunophenotypic criteria for common B-cell CLL. These patients had not received prior therapy. The patients selected for this study had CLL cells that lacked expression of ZAP-70, expressed mutated Ig, and generally lacked expression of CD38 (data not shown). Blood mononuclear cells were isolated by density-gradient centrifugation using Ficoll-Hypaque (Pharmacia, Uppsala, Sweden). We performed flow cytometry on the blood mononuclear cells to evaluate for expression of ZAP-70, as described. 11 Patients were considered to have CLL cells that were positive for ZAP-70 if more than 20% of the leukemia cells had a fluorescence intensity that exceeded a defined threshold when labeled with a fluorescent anti-ZAP-70 antibody, as described. 11 Leukemia cells were stimulated with biotinylated goat F(ab) 2 anti-human IgM (anti-), as described. 8 We prepared cell pellets before and after treatment with anti-and then lysed these in ice-cold 1% NP-40 lysis buffer for 20 minutes on ice. We clarified the cell lysates by centrifugation at 20 000g for 15 minutes and then determined the protein concentration of each using the Bio-Rad Protein Assay (Bio-Rad Laboratories, Hercules, CA).
Adenovirus transduction of CLL B cells
The cDNA encoding the various types of ZAP-70 was introduced into CLL B cells using adenovirus expression vectors. ZAP-70-KA 369 has a substitution of alanine for the lysine at position 369 in the ATP binding site, 18, 29 and ZAP-70-YF 292 has a substitution of phenylalanine for the tyrosine at position 292 that binds to c-Cbl. 30 We subcloned these ZAP-70 cDNA into the multiple cloning sites of the shuttle plasmid MCS(SK)pXCX2 containing an expression cassette, which drives expression of the transgene via the cytomegalovirus (CMV) promoter/enhancer. The ZAP-70 pXCX2 plasmid was cotransfected with pJM17 into 293 cells. The titer of each adenovirus preparation was determined by infecting 293 cells with serial dilutions of the purified adenovirus. Viral titers ranged from 10 10 to 2 ϫ 10 10 plaqueforming units (PFUs)/mL. We transduced 2 ϫ 10 6 CLL B cells in 100 L RPMI-1640 medium supplemented with 10% fetal bovine serum containing approximately 10 9 adenovirus PFUs. The cells were cultured for 2 days at 37°C prior to analysis.
Transfection of CLL cells
For some experiments, ZAP-70 or mutant forms of ZAP-70 were subcloned into pcDNA3 for transfection into CLL cells via electroporation using the Nucleofector system (Amaxa Biosystems, Cologne, Germany). For this, 10 7 CLL B cells were suspended in 100 L of nucleofector solution and mixed with 16 g of pcDNA3 encoding wild-type ZAP-70 (pZAP-70), ZAP-70-KA 369 (pZAP-70-KA 369 ), a truncated ZAP-70 possessing only the 2 SH2 domains (pZAP-70-SH2), or a truncated ZAP-70 with a dysfunctional SH2 domain (pZAP-70-SH2*). 31 Nucleofections were done using the U-15 program (Amaxa Biosystems). The cells were cultured for 2 days at 37°C prior to flow cytometric analysis for expression of the transgene product and for changes in [Ca 2ϩ ] I upon treatment with anti-.
Multiplexed bead assay
We used a BD cytometric bead array (CBA) assay (BD Biosciences, San Diego, CA) to measure the levels of tyrosine-phosphorylated p72 Syk , BLNK, and PLC-␥, as described. 17 The CBA assay allowed for simultaneous, quantitative assessment of tyrosine-phosphorylated p72 Syk , BLNK, PLC-␥, or CD79b in small amounts of cell lysate. Each cell lysate was incubated with a mixture of CBA beads, each coated with antibodies specific for p72 Syk , BLNK, PLC-␥, or CD79b, as described. 17 After 3 hours at room temperature, the beads were washed, phycoerythrin (PE)-conjugated antiphosphotyrosine detector antibody was added, and the beads were then incubated at room temperature for another hour. We assessed the fluorescence intensities of the bead-bound antiphosphotyrosine detector antibody using a dual-laser FACSCalibur (Becton Dickinson, San Jose, CA). To report the change in phosphorylated protein following stimulation, we subtracted 1 from the ratio of the signal for each anti--stimulated sample divided by the signal of the same CLL sample prior to anti-stimulation and multiplied this number by 100. This formula provided the percentage of change in protein tyrosine phosphorylation.
Measurement of intracellular calcium flux
We incubated 2 ϫ 10 6 CLL cells for 30 minutes at 37°C in 2 M Fluo-4AM in Hanks balanced salt solution lacking Ca ϩϩ and Mg ϩϩ (HBSS). The cells were washed twice with HBSS and then suspended in 1 mL of RPMI lacking Ca ϩϩ and Mg ϩϩ . Fluorescence of the cellular suspension was observed with a flow cytometer (Becton Dickinson, San Jose, CA). Cells were kept at 37°C for IgM stimulation. To report the change in calcium influx following stimulation, we calculated the fluorescence intensity peak increase (FIPI) by subtracting the fluorescence intensity value before stimulation from the peak fluorescence intensity value after stimulation, as described. 17 
Immune precipitation and immunoblot analyses
We performed immunoblot analyses as described. 8 Cell lysate was boiled in sodium dodecyl sulfate (SDS) sample buffer prior to polyacrylamide gel electrophoresis. Size-separated proteins were transferred to nitrocellulose membranes and then probed with primary antibody and secondary antibodies that were conjugated with horseradish peroxidase. The blots were prepared for enhanced chemiluminescence and subsequent autoradiography.
Statistical analysis
All studies were performed in duplicate or triplicate. Differences between 2 groups of CLL samples were determined by unpaired or paired t tests, with a P level less than .05 considered significant.
Results

BCR signaling in CLL B cells transduced with Ad-ZAP-70 or Ad-ZAP-70-KA 369
Following transduction with either Ad-ZAP-70 or Ad-ZAP-70-KA 369 , the previously ZAP-70 Ϫ CLL cells had expression levels of wild-type ZAP-70 ( Figure 1C ) or ZAP-70-KA 369 ( Figure 1D ) similar to that of CLL samples that were classified as positive for ZAP-70 using a flow-based assay and standardized gating strategy, as described 11 ( Figure 1A ). In contrast, CLL cells transduced with a control adenovirus vector encoding b-galactosidase (Ad-lacZ) continued to register as ZAP-70 Ϫ by these criteria ( Figure 1B) . We examined the effects following ligation of the surface IgM on the CLL cells of 7 unrelated patients. For this, we used immunoblot and immunoprecipitation analyses to examine for phosphorylation of p72 Syk and a CBA assay to measure the levels of phosphorylated BLNK and phosphorylated PLC-␥, in addition to phosphorylated p72 Syk . This and prior studies demonstrated that the latter assay provided results comparable with those obtained using immunoblot and immunoprecipitation analyses, but had improved range and sensitivity, and was more amenable to quantitative comparative analyses in small amounts of patient samples 17 Figure 3B ,D) of 46% plus or minus 47% (SD), 149% plus or minus 95%, or 73% plus or minus 76%, respectively (n ϭ 7). In contrast, CLL cells engineered to express wild-type ZAP-70 exhibited significantly higher levels of tyrosine-phosphorylated protein following anti-treatment, with mean increases in phosphorylated p72 Syk , BLNK, or PLC-␥ of 199% plus or minus 93%, 516% plus or minus 311%, or 578% plus or minus 560%, respectively (Figures 2B,3A,B), as had been noted in earlier studies. 17 Surprisingly, CLL cells made to express the kinase-inactive mutant of ZAP-70, namely ZAP-70-KA 369 , had increases in these phosphorylated proteins following treatment with anti-that were similar to those observed in anti--treated CLL cells that were transduced to express wild-type ZAP-70 ( Figures 2B,C,3 ). Following treatment with anti-, CLL cells transduced with Ad-ZAP-70-KA 369 had mean increases in phosphorylated p72 Syk , BLNK, or PLC-␥ of 172% plus or minus 94%, 431% plus or minus 261%, or 450% plus or minus 320%, respectively ( Figures 2C,3C,D) . As such, the levels of protein tyrosine phosphorylation induced by anti-in CLL cells transduced with either vector were significantly greater than that Figure  5A ). Following treatment with anti-, CLL B cells that expressed ZAP-70-YF 292 had significantly greater levels of phosphorylated p72 Syk (188% Ϯ 62%) than did CLL B cells that were mockinfected (87% Ϯ 33%; P Ͻ .05, Student t test; n ϭ 4). Moreover, we did not observe any significant differences in the anti--induced levels of phosphorylated p72 Syk in CLL cells transduced with adenovirus encoding either wild-type ZAP-70 (200% Ϯ 72%) or ZAP-70-YF 292 ( Figure 5B ; P Ͼ .05, Student t test; n ϭ 4). Similarly, the increased levels of phosphorylated BLNK (539% Ϯ 285%) and PLC-␥ (595% Ϯ 245%) were significantly greater in cells transduced with ZAP-70-YF 292 than that experienced in mock-infected cells, namely 204% plus or minus 94% and 135% plus or minus 70%, respectively (P Ͻ .05, Student t test; n ϭ 4). No significant differences in the anti--induced levels of phosphorylated BLNK and PLC-␥ were observed in CLL cells transduced to express either wild-type ZAP-70 or ZAP-70-YF 292 (Figure 5C,D; P Ͼ .05, Student t test; n ϭ 4).
BCR signaling leading to intracellular calcium flux in CLL cells transfected with plasmid DNA encoding ZAP-70 or mutant forms of ZAP-70
We generated plasmid expression vectors encoding ZAP-70 (designated pZAP-70), ZAP-70-KA 369 (pZAP-70-KA 369 ), a truncated For personal use only. on April 10, 2017. by guest www.bloodjournal.org From that were greater than that of ZAP-70 Ϫ CLL cells transfected with the control plasmid vector ( Figure 6A ,E).
Anti--induced phosphorylation of CD79b
We looked for phosphorylation of CD79b in CLL B cells that did or did not express ZAP-70 using the CBA assay. Following treatment with anti-, CLL cells that expressed ZAP-70 had a mean increase in the levels of phosphorylated CD79b of 22% (Ϯ 14.0% SD; n ϭ 28), which were significantly greater than the 8% increase (Ϯ 8% SD; n ϭ 19) noted for CLL cells that lacked expression of ZAP-70 (P Ͻ .01, Student t test; Figure 7A ). We transduced CLL cells that lacked ZAP-70 with Ad-ZAP-70, Ad-ZAP-70-KA 369 , or Ad-lacZ and looked for increases in levels of phosphorylated CD79b that were induced by treatment with anti-. Following such BCR ligation, the increases in the mean levels of phosphorylated CD79b (33% Ϯ 16%; n ϭ 5) were significantly greater in CLL B cells transduced with Ad-ZAP-70 than in Ad-lacZ-transduced CLL B cells (4% Ϯ 2%; n ϭ 5; P Ͻ .05, Student t test; Figure 7B ). CLL cells transduced with Ad-ZAP-70-KA 369 had similar increases in the mean level of phosphorylated CD79b (27% Ϯ 7%; n ϭ 5) following treatment with anti-. These increases were significantly greater than those noted for CLL B cells transduced with Ad-lacZ (P Ͻ .05, Student t test; Figure 7C ).
Discussion
In this study, we found that CLL cells transduced to express ZAP-70-KA 369 responded to anti-treatment in a manner similar to that of most CLL cells that already expressed ZAP-70 or that were transduced to express the wild-type ZAP-70 protein. Prior studies demonstrated that ZAP-70-KA 369 lacks kinase activity. 29, 31 Nevertheless, our studies revealed that ZAP-70 Ϫ CLL cells made to express either wild-type ZAP-70 or ZAP-70-KA 369 exhibited significantly greater tyrosine phosphorylation of downstream adapter proteins and increases in intracellular calcium following treatment with anti-than did mock-transfected CLL cells or CLL cells transduced with a control adenovirus vector. The latter indicates that the improved signaling in response to ligation of surface IgM in Ad-ZAP-70-transduced CLL cells was not secondary to transduction with adenovirus per se, but rather secondary to the expression of the ZAP-70, including a mutant form of ZAP-70 lacking a functional SH1 kinase domain.
We considered the possibility that ZAP-70 instead may enhance BCR signaling indirectly by enhancing the stability of activated p72 Syk following treatment with anti-. Activation of either PTK targets it for binding by the E3 ubiquitin ligase, c-Cbl, 23 ,33 which in turn directs polyubiquitination and proteosomal degradation of the activated PTK. 24, 34 In prior studies, we found that both ZAP-70 and p72 Syk undergo tyrosine phosphorylation in CLL cells following treatment of anti-, 8, 17 and that CLL cells that express only p72 Syk have significantly lower levels of phosphorylated p72 Syk following anti-treatment. Conceivably, the activated ZAP-70 might compete with activated p72 Syk for binding c-Cbl and thereby prolong the half-life of activated p72 Syk . However, transduction of CLL cells with an adenovirus encoding a mutant form of ZAP-70 carrying a mutation at position 292, which abrogates the ability of the mutant form to interact with c-Cbl, also enhanced BCR signaling of ZAP-70 Ϫ CLL cells. Moreover, the levels of phosphorylated p72 Syk observed following anti-treatment of CLL cells transduced with Ad-ZAP-70 292 were comparable to that of CLL cells transduced with the adenovirus vector encoding the wild-type ZAP-70 protein. We conclude that competition for c-Cbl-directed proteolytic degradation is unlikely to account for the capacity of ZAP-70 to enhance BCR signaling in CLL B cells.
Because expression of ZAP-70-KA 369 or ZAP-70 292 could enhance BCR signaling, we examined additional constructs encoding mutant forms of ZAP-70 that lacked the entire SH1, one of which also lacked a functional SH2 domain. We found that ZAP-70 Ϫ CLL cells transfected with pZAP-70-KA 369 or pZAP-70-SH2 had an increased capacity to respond to treatment with antithat was similar to that of CLL cells transfected with pZAP-70 encoding the wild-type PTK. On the other hand, CLL cells transfected with a plasmid expression vector encoding a ZAP-70 mutant also lacking a functional SH2 domain did not experience enhanced calcium flux following treatment with anti-, suggesting that docking at the ITAM may be necessary for ZAP-70 to have an effect on CLL Ig receptor signaling. Collectively, these results suggest that the 2 functional SH2 domains of ZAP-70 are required for enhanced IgM signaling in CLL B cells, and that the SH1 kinase domain of ZAP-70 is dispensable.
The finding that the kinase inactive ZAP-70-KA 369 could reconstitute BCR signaling in CLL B cells is in apparent disagreement with a prior study demonstrating that reconstitution of BCR-signaling in p72 Syk -deficient B cells by ZAP-70 required it to have functional kinase activity. 18 However, in contrast to this prior study, we examined CLL B cells that were not deficient in p72 Syk , but instead had levels of p72 Syk that were similar to that of normal adult blood B lymphocytes 8, 20 (and data not shown). As noted, p72 Syk plays a pivotal role in coupling the BCR to downstream signaling events, 6 and has an approximately 100-fold greater intrinsic PTK activity than does ZAP-70 in vitro. 21 Moreover, prior studies indicated that the expression of ZAP-70 in CLL cells allowed for significantly greater tyrosine phosphorylation of p72 Syk in response to surface IgM ligation than that noted in CLL cells lacking expression of ZAP-70. 8, 17 As such, it is conceivable that the kinase function of p72 Syk still plays the dominant role in the phosphorylation of adapter proteins and molecules that are responsible for the downstream signaling events that occur following surface Ig ligation.
We found that CLL cells that expressed ZAP-70, or that were made to express either wild-type ZAP-70 or ZAP-70-KA 369 , had significantly greater levels of phosphorylated CD79b following anti-treatment than comparably stimulated CLL cells that were mock-infected or transduced with Ad-lacZ. Prior studies demonstrated that CD79b is expressed at lower levels on CLL cells than on normal B lymphocytes. 35, 36 The low levels of CD79b could be due to expression of alternative transcripts of CD79b 37 or mutation. 38 In any case, the limiting amounts of CD79b could preclude high-level surface Ig expression and limit the number of ITAMs that can be phosphorylated following BCR ligation by Src kinases, such as Lyn. Conceivably, ZAP-70 could facilitate recruitment of Lyn and/or other Src kinases or adaptors to the BCR complex following surface Ig ligation in a manner analogous to the role it plays in double-positive thymocytes, which have limiting amounts of lck. 27 In such cells, a kinase-defective ZAP-70 still could enhance phosphorylation of the TCR-z chain following TCR ligation, indicating that ZAP-70 could facilitate recruitment of lck to the TCR complex independent of its kinase activity. A recent study demonstrated that surface IgM ligation induced translocation of the BCR to lipid rafts on CLL cells that expressed unmutated IGHV genes (and hence were likely ZAP-70 ϩ ), whereas the BCR did not translocate to lipid rafts following anti-treatment on CLL cells that expressed mutated IGHV genes (and hence were likely to lack ZAP-70 expression). 39 In addition, BCR internalization was decreased in BJAB B cells transfected with ZAP-70. 16 Conceivably, ZAP-70 can facilitate entry of the BCR into lipid rafts more effectively than p72 Syk , thereby being better able to recruit Src kinases to the Ig receptor complex. In this regard, it is noteworthy that ZAP-70 is more effective than p72 Syk in promoting phosphorylation of TCR-z by src kinases following TCR ligation. 28 The association of ZAP-70 with Ig receptor signaling has been challenged in studies by Deglesne and colleagues, who used immobilized anti-to stimulate CLL cells in vitro and then monitored for CLL cell survival 72 hours later. They segregated patients into 2 groups, one of which had enhanced CLL cell survival with anti-(group A), and the other, which had CLL cell survival that apparently was unaffected by treatment with anti-(group B). Whereas all of the 20 nonresponder patients comprising group B had CLL cells that used mutated IGHV, 2 of the 10 CLL samples tested for ZAP-70 in this group were found to express this PTK. On the other hand, only 50% of the CLL samples in the responder group A expressed IGHV without somatic mutations, and only 56% of the 32 samples tested for ZAP-70 in this group were found to express ZAP-70. As such, the association between responsiveness to anti-in this assay and the expression of unmutated IGHV or ZAP-70 was not absolute. Because a higher proportion of patients in responder group A had advanced and/or progressive disease than those in nonresponder group B, the investigators of this study suggested that the survival induced by immobilized anti-in this assay was associated with more aggressive and/or later-stage disease. In contrast, in our current study, we examined for phosphorylation events and changes in calcium flux that occurred within minutes of treatment with nonimmobilized F(ab) 2 anti-. These early events are less likely to be influenced by factors that can influence the relative survival of CLL cells cultured for days in vitro, such as the relative dependency of CLL cells on accessory cells (eg, nurselike cells or dendritic cells) or the peculiar culture conditions. 15, 40 A strong dependency on such factors for CLL cell survival could influence the relative capacity of anti-to influence CLL cell survival after 72 hours in culture. Conceivably, such factors could account for the noted discrepancies between expression of unmutated IGHV and/or ZAP-70 and the responsiveness of the leukemia cells to stimulation by anti-.
It also should be noted that expression of ZAP-70 is not sufficient to allow for proficient BCR signaling in all patients examined. Although patients with CLL who express ZAP-70 as a whole have more robust BCR signaling than CLL cells lacking ZAP-70, we 8, 17 and others 41 have found individual patients with CLL who have levels of BCR signaling following treatment with anti-that were comparable with that of CLL cells that lack expression of ZAP-70. This indicates that expression of ZAP-70 alone is not sufficient to allow for proficient Ig signaling. Conversely, some cells from patients with CLL that lack expression of ZAP-70 apparently could respond well to surface IgM ligation, 8, 17 indicating that in certain circumstances the leukemia B-cell signaling capacity is independent of expression of ZAP-70, as is the case with normal blood B cells. However, in our current studies, we examined the signaling potential of CLL cells before and after transduced expression of ZAP-70 or its various mutant forms. These studies demonstrated that the de novo expression of ZAP-70 could at least enhance the signaling capacity of these cells to respond to surface IgM ligation. Moreover, our studies indicate that the ability of ZAP-70 to facilitate signaling appears independent of its kinase activity, indicating that this protein more likely functions as an adaptor protein to facilitate BCR signaling in CLL.
These studies have implications for development of new therapies for patients with CLL that target ZAP-70. Indeed, recent studies have discerned a highly significant association between leukemia cell expression of ZAP-70 and risk for early disease progression requiring therapy. 11, 42 Because ZAP-70 possesses catalytic activity, it could be assumed that the kinase function of this protein contributes to the relatively aggressive nature of ZAP-70 ϩ CLL. However, based on the studies presented here, it is necessary also to consider that the kinase-independent capacity of ZAP-70 to enhance Ig signaling in CLL cells could be responsible for this association. As such, agents that reduce the levels of ZAP-70 protein in CLL cells 43 or that interfere with its capacity to facilitate phosphorylation of ITAMs or other downstream substrates might be required to affect a beneficial therapeutic outcome in patients with CLL cells that express this PTK.
